The gnotobiotic gerbil was selected as a model with which to study the effects of colonization with a defined microflora on organ morphology, histology, and selected blood biochemical parameters. Gerbils were maintained germfree for 13 months but failed to reproduce, presumably because of the enlarged cecum. A colony of gnotobiotic gerbils that was associated with a bacterial flora consisting of Lactobacillus brevis, Streptococcus faecalis, Staphylococcus epidermidis, Bacteroides vulgatus, Enterobacter aerogenes, and a Fusobacterium sp. was established. These gnotobiotic gerbils had smaller ceca than germfree gerbils and proved capable of reproduction. Except for the presence of large numbers of Bacteroides organisms in the stomach and greater numbers of S. epidermidis in gnotobiotic gerbils, the number and location of gastrointestinal bacteria were similar in conventional and gnotobiotic gerbils. Bacteroides sp. was the second most predominant microorganism present in gnotobiotic gerbils, whereas clostridia were reported to be the second most predominant microorganism in conventional gerbils. Microscopic examination of direct-impression smears indicated that fusobacteria were present on mucosal surfaces. Intestines of gnotobiotic gerbils weighed twice as much as the intestines of conventional gerbils. Intestinal tissue water weight values from conventional and gnotobiotic gerbils were similar. Histological examination of gerbil intestinal tissue revealed no cellular hypertrophy and no evidence of inflammation in gnotobiotic gerbil intestines. Spleens of gnotobiotic gerbils showed no germinal center stimulation. Statistical differences in total serum glucose, serum protein, and hematocrit levels were found between conventional and gnotobiotic gerbils.
The gnotobiotic gerbil was selected as a model with which to study the effects of colonization with a defined microflora on organ morphology, histology, and selected blood biochemical parameters. Gerbils were maintained germfree for 13 months but failed to reproduce, presumably because of the enlarged cecum. A colony of gnotobiotic gerbils that was associated with a bacterial flora consisting of Lactobacillus brevis, Streptococcus faecalis, Staphylococcus epidermidis, Bacteroides vulgatus, Enterobacter aerogenes, and a Fusobacterium sp. was established. These gnotobiotic gerbils had smaller ceca than germfree gerbils and proved capable of reproduction. Except for the presence of large numbers of Bacteroides organisms in the stomach and greater numbers of S. epidermidis in gnotobiotic gerbils, the number and location of gastrointestinal bacteria were similar in conventional and gnotobiotic gerbils. Bacteroides sp. was the second most predominant microorganism present in gnotobiotic gerbils, whereas clostridia were reported to be the second most predominant microorganism in conventional gerbils. Microscopic examination of direct-impression smears indicated that fusobacteria were present on mucosal surfaces. Intestines of gnotobiotic gerbils weighed twice as much as the intestines of conventional gerbils. Intestinal tissue water weight values from conventional and gnotobiotic gerbils were similar. Histological examination of gerbil intestinal tissue revealed no cellular hypertrophy and no evidence of inflammation in gnotobiotic gerbil intestines. Spleens of gnotobiotic gerbils showed no germinal center stimulation. Statistical differences in total serum glucose, serum protein, and hematocrit levels were found between conventional and gnotobiotic gerbils.
The gnotobiotic (GN) gerbil has proven to be a useful animal model with which to study the effects of a limited, defined microflora on sterol metabolism (2,-27) . Gerbils have a bile acid (BA) pattern more similar to that of humans than do other rodents (2) . The effect of a complex conventional microflora on the intestinal BA pattern is substantial; however, only limited data were available on the ability of specific bacteria to metabolize BAs in vivo. Therefore, GN gerbils were associated with selected species of bacteria to determine bacterial BA-modifying capabilities in vivo. The components of this microflora were found to have a major metabolic effect on cholesterol and BAs in vivo. We then decided to assess the effects of this defined flora on organ morphology, common blood biochemical parameters, and intestinal tissue histology. Germfree (GF) gerbils were found not to reproduce due to excessive cecal enlargement (2, 27) . They were difficult to obtain by caesarian derivation and cross-suckling on GF mice. However, GN gerbils have reproduced well and have allowed study of the influence of selected microorganisms on colonization of the gastrointestinal tract and on gastrointestinal physiology.
Schaedler et al. (7, 19, 20) and Lee et al. (14) have studied the development of the gastrointestinal flora in mice and found that strict anaerobes constitute the largest percentage of bacteria in the gastrointestinal tract. The microbiota are nonrandomly distributed, and they seem to live in symbiosis with their host (7, 19) . Lee et al. (14) observed in mice that anaerobes play an essential role in the maintenance of a healthy functional structure of the gastrointestinal tract. In GN mice, a broad range of autochthonous and allochthonous organisms has been examined for their potential to reduce the cecum to a conventional size (5) . We have attempted to adapt cecum-conventionalizing microfloras for GF gerbils by using known organisms isolated from rats and mice. The members of these flora were mostly similar, in terms of standard bacterial identification procedures, to the predominant organisms present in conventionally reared (CV) gerbils (13, 15) .
The gastrointestinal and fecal bacterial flora of CV Mongolian gerbils were examined by Majumdar and Carroll (15). They found lactobacilli to be the most prominent type in all segments of the gastrointestinal tract and in the feces. The anaerobically cultured clostridia, enterococci, and flavobacteria were also present in fairly large numbers but were one to three orders of magnitude lower than the lactobacilli. The aerobically cultured staphylococci, enterococci, and flavobacteria were less numerous and found mainly in the large intestine and in the feces. Bacteroidaceae were not reported by these authors, although they used the same media employed by Schaedler et al. (19) for detection of this group of microorganisms. Anaerobically cultured coliforms were present in high numbers in feces and in all parts of the gastrointestinal tract.
Quantitative bacteriology of the gastrointestinal tract of GN gerbils was undertaken to determine the localization of the individual bacterial components to correlate their population distribution with possible effects on the intestinal mucosa, including tissue histology and dry weights of samples of the small intestine. The weights of other pertinent organs were determined. A histological study of the spleen and examination of several physiological blood parameters were also performed.
MATERIALS AND METHODS Mongolian gerbils (Meriones unquiculatus) were obtained from Tumblebrook Farms, West Brookfield, Mass. GF gerbils had been obtained as described in an earlier publica-tion (27) . The GN gerbils were obtained by introducing a male and female GF gerbil into an isolator containing GN C3H/He mice associated with a six-member flora (defined flora) consisting of Lactobacillus brevis, Streptococcus faecalis, Staphylococcus epidermidis, Bacteroides vulgatus, Enterobacter aerogenes, and a Fusobacterium sp. and housing them in cages on the same bedding used by the mice. These six microbial species, originally derived from the cecum of a CV CFW mouse housed at the Lobund Laboratory, University of Notre Dame, Ind., were originally grown in prereduced anaerobically sterilized medium 10. They were identified on the basis of morphological criteria and fermentation reactions. For identification of obligate anaerobes, the formation of volatile and nonvolatile fatty acids produced from glucose was determined by gas liquid chromatography (VPI method) (11; R. Celesk, Ph.D. thesis, University of Notre Dame, Ind., 1977). All six microbial species were observed microscopically in fecal cultures of hexaflora gerbils. After the original pair had produced a number of litters, further sterile caesarian operations were performed on CV gerbils to introduce additional baby gerbils into the hexaflora colony to broaden the genetic base of the colony.
The GN gerbils were housed in plastic "shoebox" cages with corncob bedding in flexible film-type isolators. They were maintained by established GN procedures (9, 24) . The gerbils were fed diet L477E4 based on natural-ingredient rat diet L485 (12) . The diet contained 60% L485, 36% Quaker Oats, 1.8% corn oil, K and Mg acetate, each 0.6%, and 0.09% inositol.
Body and organ weights. CV and GN male gerbils were sacrificed by ether anesthesia and exsanguinated by cardiac puncture. Whole body weights and weights of heart, liver, lungs, small intestine, large intestine, cecum, thymus, and spleen were recorded.
Histology. Sections of the small intestine mucosa, Peyer's patches, and spleen were excised and placed in Bouin fixative overnight. The tissues were dehydrated through increasing concentrations of ethyl alcohol, imbedded in paraffin, and then sectioned and stained with hematoxylin and eosin. Sections representative of each gerbil group were photographed. All histological preparations were kindly interpreted by M. Pollard of Lobund Laboratory.
Dry weight of intestinal tissue. Representative sections of small intestine were obtained, and their contents were removed. After wet weights of the intestinal walls were determined, the samples were dried in a vacuum oven for 48 h at 60°C and weighed immediately to determine the dry weights.
Blood parameters. (i) Packed cell volume. Blood was collected by cardiac puncture. Part of the sample was transferred to a capillary pipette containing heparin, immediately sealed, and used for the determination of packed erythrocyte volume (hematocrit) by microcentrifugation.
(ii) Total serum protein. Blood collected as described above was allowed to clot at room temperature. The clot was separated from the wall of the vessel, and the sample was centrifuged at 2,000 x g for 20 min at 4°C. Serum was collected, and total serum protein was determined by using a serum protein refractometer (National Instruments Co., Baltimore, Md.).
(iii) Total serum glucose. A 0.25-ml sample of serum, prepared as described above, was used for the determination of serum glucose, based on the Somogyi-Nelson coupled enzymatic reactions (Sigma Chemical Co., St. Louis, Mo.).
Bacteriological studies. (i) Bacteriological samples. The gastrointestinal tract was tied off in segments to isolate the stomach, mid-small intestine, and cecum. The segments were weighed and then transferred to an anaerobic glove box, where the respective organ walls plus contents were homogenized in an appropriate amount of prereduced dilution fluid (11) to make a 1:100 dilution. Further serial 10-fold dilutions in prereduced dilution fluid were made as needed, and 1 ml of each dilution was surface plated on appropriate media, using a bent glass rod spreader to distribute the sample over the agar surface.
(ii) Bacteriological culture techniques. Aerobic and anaerobic procedures for the sampling and culturing of the gastrointestinal microflora were (24) . Anaerobiosis was established by collapsing the isolator under vacuum and reinflating with 90% oxygen-free nitrogen-10% carbon dioxide. The evacuation-reinflation cycle was repeated five times. Samples were passed into the isolator via an attached double-doored entry port rendered anaerobic by a similar five-cycle gas exchange.
The inoculated agar plates (see above) were placed in a GasPak anaerobic jar (BBL Microbiology Systems, Cockeysville, Md.) within the isolator, the GasPac H2-CO2 generator envelope was activated, and the jar was sealed before removal from the chamber.
The procedures described above were carried out for cultivation and enumeration of the anaerobic members of the microflora, Bacteroides and Fusobacterium sp. The enumeration of the four remaining facultative anaerobes was carried out on the open laboratory bench with the same samples that were used to enumerate anaerobes in the anaerobic glove box. All plates, aerobic and anaerobic, were placed in a 37°C incubator for 6 days, and the colonies were counted on a Quebec colony counter.
(iii) Culture media and dilution fluid. Prereduced dilution fluid was formulated and prepared by methods described previously (11) .
Selective media for the cultivation and enumeration of the specified members of the hexaflora were: L. brevis, Rogosa SL agar (Difco Laboratories, Detroit, Mich.); S. faecalis, menterococcus agar (Difco); E. aerogenes, brilliant green bile agar (Difco); S. epidermidis, staphylococcus 110 medium (Difco); and B. vulgatus, reinforced clostridial agar (BBL). Reinforced clostridial agar was used as the autoclaved basal medium to which the following filter-sterilized supplements were added: calf serum, 50 ml/liter; hemin, 5 mg/liter; menadione, 5.0 mg/liter; paromomycin, 200 mg/liter; kanamycin, 100 mg/liter; and vancomycin, 2.0 mg/liter.
For the Fusobacterium sp., sweet E broth (prereduced anaerobically sterilized) and medium 10 were prepared as described previously (11) . Reinforced clostridial agar (BBL) was prepared as described above. For a solid isolation medium, 2% agar (Difco) was added to the broth. Just before use, the sweet E agar, medium 10, or reinforced clostridial agar was melted under N2-CO2 continuous gas flow in a boiling water bath. The media containers were closed under N2-CO2 with clamped stoppers and transferred to the anaerobic glove box, where the plates were poured and inoculated.
(iv) Identification of the bacterial isolates. The members of the GN flora were enumerated by counting the number of typical colonies developing on the medium specifically designed for their selective cultivation. Typical colonies were Gram stained to confirm the expected morphology and Gram reaction for each species. Organ morphological studies. The present defined flora makes colony production of GN gerbils possible. However, morphological data suggest that this combination of murinederived bacteria may not be quite optimal for correcting socalled GF anomalies in the gerbil.
Morphological data on 4-to 7-month-old male CV and GN gerbils are listed in Table 3 . They indicate a sizable reduction of the GN gerbil cecum (4.6% of body weight) when compared with its GF counterpart (15% of body weight). This is the probable reason for the ability of the GN gerbil to reproduce, in contrast to the GF gerbil. However, the GN gerbil cecum is still significantly larger than its CV counterpart (1.9% of body weight). Also, the heart tends to be smaller, as in other GN rodents (8, 10, 26) . However, both small and large intestines weighed substantially more in the GN gerbils. Also, the size of the thymus was significantly reduced. The data imply a certain amount of stress imparted by this murine-derived microflora, particularly since the greater intestinal weights suggest that this GN flora may cause more than the "physiological inflammation" normally imparted by the CV microflora (21) .
Dry weight determination of small intestine samples. The water content of the upper, middle, and lower one-third sections of the small intestines of CV and GN gerbils were compared (data not shown). No significant differences were found between CV and GN gerbils in any of the small intestinal sections sampled. In view of the fact that both small and large intestines of the GN gerbils were much heavier than expected, these data imply that the small intestines of GN gerbils display evidence of hyperplasia.
Histology of the spleen and small intestine. (i) Histology of the small intestines of gerbils. The small intestine mucosa wall of GN gerbils was histologically distinguishable from the CV mucosa. (g/100 g of body wt) a Four-to seven-month-old male gerbils fed L-477E4 diet were used.
b Mean ± standard error. Number of observations: GN gerbils, 9; CV gerbils, 10.
c Significantly different from CV gerbils.
The small intestine mucosa of GN gerbils was relatively less pleomorphic in comparison with the CV small intestine mucosa ( Fig. 1 and 2 ). The cells of the lamina propria were fewer in GN gerbils, but regularly arranged villi were noticeable. The CV mucosa displayed a thicker, more cellular wall and lamina propria populated with monocytic cells, whereas that of the GN gerbils showed nonactivity of the lamina propria. This indicates that, compared with GN gerbils, CV gerbils present a picture of enhanced physiological inflammation. Plasma cells and granulocytes were not present in large numbers in the small intestines of GN gerbils.
(ii) Histology of the spleens of gerbils. Malpighian corpuscles in the spleens of GN gerbils were much smaller than those in the spleens of CV gerbils (not shown). The CV spleen showed Malpighian corpuscles with clearly defined follicular zones in the center. The CV spleens also had very distinguishable germinal centers with concentric darker centers. In general, spleens of GN gerbils were histologically distinguishable from spleens of CV gerbils because of the absence of clearly defined germinal centers. Spleens of GN gerbils may appear more like spleens of GF gerbils, with the absence of clearly defined germinal centers by inference to the spleen and other lymphoid organs in GF versus CV rats and mice (9, 10, 23, 25) .
DISCUSSION
The use of GN gerbils for research was hampered by the fact that GF gerbils failed to reproduce and were dificult to obtain in adequate numbers by foster rearing on GF mice (27) . Bohner and Miller (4) have also reported failure of GF gerbils to reproduce. The failure of GF gerbils to reproduce can be explained by the enlarged size of the cecum, which is more than eight times the size of a CV gerbil cecum. This phenomenon has also been shown to occur in GF rabbits, since cecectomy was required for the first reproduction to occur (17) . Apparently, the cecum exerts physical and physiological pressure on the reproductive organs of GF female gerbils.
When GF gerbils were associated with a defined microflora previously used to reduce the cecum of GF rats and mice, the size of the cecum decreased to one-third of its GF size ( The GN gerbil has proven to be a promising model with which to study cholesterol and bile acid metabolism (2, 27) . The fact that the intestines of GN gerbils were so much heavier than those of their CV counterparts at first suggested a high level of physiological inflammation caused by certain elements of this murine-derived flora or by the lack of components of a CV microflora in GN gerbils. However, this does not seem to be borne out by criteria for inflammation (e.g., edema was not evident from dry weight determinations, and hyperplasia was not obvious histologically). Hepatic production of cholic acid was significantly greater in GN gerbils (2) , suggesting that their intestinal tracts may be under stress caused by the presence of this murine-derived microflora. Stress is also suggested by the observation that the size of the thymus was significantly less than in CV gerbils.
However, no heavy infiltration of mononuclear cells was observed in GN gerbil intestines. Thus, the increase in intestinal weight observed in GN gerbils appeared nonpathological and was most probably the result of an increase in normal tissue components which escaped limited histological observation. Histological examination of the spleens of CV and GN gerbils indicated that GN gerbils appeared more like GF rather than CV animals. Malpighian corpuscles were much smaller, and germinal centers were rudimentary and not well defined in GN gerbils. Spleens of CV gerbils showed well-developed germinal centers. These observations further support the nonpathological status of this microbial flora within GN gerbils.
Since the histological data do not support the possible inflammatory nature of certain components of the defined flora, the increase in intestinal weights in GN gerbils remains ill understood but may still be related to one or more of the microbial components of this defined flora alone or in combination with other components. Although, as noted above, the defined flora caused no histological evidence of inflammation in gerbils, this condition might be the gerbils response to agents which can cause inflammation in other species. In this respect, it should be pointed out that cholic acid might have the effect of enlarging the gut by stimulating production of mucosal cells. Rankin et al. (18) showed a doubling of intestinal mucosal cell turnover resulting from the feeding of cholic acid to GF mice. Since the enterohepatic circulation of GN gerbils contains at least 50% more cholic acid than that of CV gerbils (2) On the other hand, the absence of certain "beneficial" species from the defined flora may account for the intestinal weight increase and the thymic decrease. These organisms also establish an ecological defense against many pathogenic species (7, 19) . In the case of GN gerbils, the absence of such a protecting microflora may lead to abnormal ecological niches and colonization patterns, exerting pressure on the physiological structure and function of the gastrointestinal tracts of GN gerbils (7, 15, 19) . Large numbers of Bacteroides sp. in higher regions of the gastrointestinal tract are not considered normal if one compares gerbils and mice (19, 20) . In mice, Bacteroides sp. are present mainly in the lower intestinal tract (9, 14, 19, 20) .
Thus, factors other than direct bacterial effects of this defined flora could be causing increased weight in the guts of GN gerbils. Dry weight determinations of intestinal tissue suggested that the increased weight was not due to an increase in tissue hydration but was caused by a true tissue hyperplasia. Since histological study and tissue hydration analysis indicated no sign of an inflammatory reaction in GN gerbils, these observations suggest that the increased intestinal weight may be more the result of the absence of a CV microflora rather than the presence of specific bacterial components of this defined flora.
To evaluate the general state of health of the present GN gerbils, total serum glucose, serum protein, and hematocrit levels were determined. Although statistical differences were found between the CV and GN gerbils used in our studies, these biochemical values all fell within the normal range (± standard error of the mean) established for other colonies of CV Mongolian gerbils from previous investigations (6, 16) . These data indicate that the abnormal colonization patterns of staphylococci and Bacteroides sp. and greater intestinal weight may not be indicative of a diseased state in GN gerbils.
In conclusion, GF gerbils were associated with a defined murine-derived microflora that affected gerbil morphology, biochemistry, and metabolism.
